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Insulin stimulates the translocation of intracellularGLUT4 to
the plasmamembrane where it functions in adipose andmuscle
tissue to clear glucose from circulation. The pathway and regu-
lation of GLUT4 trafficking are complicated and incompletely
understood and are likely to be contingent upon the various
proteins other than GLUT4 that comprise and interact with
GLUT4-containing vesicles. Moreover, not all GLUT4 intracel-
lular pools are insulin-responsive as some represent precursor
compartments, thus posing a biochemical challenge to the puri-
fication and characterization of their content. To address these
issues, we immunodepleted precursor GLUT4-rich vesicles and
then immunopurified GLUT4 storage vesicle (GSVs) from pri-
mary rat adipocytes and subjected them to semi-quantitative
andquantitative proteomic analysis. The purified vesicles trans-
locate to the cell surface almost completely in response to insu-
lin, the expected behavior for bona fideGSVs. In total, over 100
proteins were identified, about 50 of which are novel in this
experimental context. LRP1 (low density lipoprotein receptor-
related protein 1) was identified as amajor constituent of GSVs,
and we show it interacts with the lumenal domains of GLUT4
and other GSV constituents. Its cytoplasmic tail interacts with
the insulin-signaling pathway target, AS160 (Akt substrate of
160 kDa). Depletion of LRP1 from 3T3-L1 adipocytes reduces
GLUT4 expression and correspondingly results in decreased
insulin-stimulated 2-[3H]deoxyglucose uptake. Furthermore,
adipose-specific LRP1 knock-out mice also exhibit decreased
GLUT4 expression. These findings suggest LRP1 is an impor-
tant component of GSVs, and its expression is needed for the
formation of fully functional GSVs.

The insulin-dependent translocation of GLUT4 from intra-
cellular membranes to the cell surface is a well studied para-
digm for the effects of signal transduction on membrane traf-
ficking, and this process is of considerable physiological
relevance for the regulation of glucose homeostasis, as dysregu-

lation of this process plays a role in insulin resistance and type 2
diabetes mellitus (1). Only about half of the intracellular
GLUT4 translocates to the plasma membrane in response to
insulin (2–5) suggesting that more than one GLUT4-contain-
ing compartment exists. In addition, kinetic analyses of GLUT4
trafficking are consistent with the interpretation that GLUT4
traffics through multiple intracellular compartments (6–8).
These and other data have led to the concept that an ulti-
mate target of insulin signaling is a subpopulation of translocating
GLUT4-containing membranes that are commonly referred to
as GLUT4 storage vesicles (GSVs)3 (9, 10). The focus of many
groups over the years has been on how these GSVs form, what
their protein composition is, and how insulin communicates
with them and stimulates their translocation to the cell surface.
GLUT4-containing vesicles have been purified and their pro-

tein composition analyzed by a number of investigators, first by
conventional protein sequencing (11, 12) and more recently by
mass spectrometry-based proteomic studies (13, 14). The initial
studies identified the insulin-responsive aminopeptidase
(IRAP) (11, 12) and the sorting receptor, sortilin (15, 16), as
major proteins components of GLUT4 vesicles that translocate
to the cell surface in response to insulin. With the advent of
mass spectrometry, numerous additional proteins were identi-
fied as constituents of GLUT4-rich vesicles, notably compo-
nents of the vesicular traffickingmachinery (17) such as Vamp2
(13) and motor proteins that might mediate vesicle movement
(18) as well as additional cargo proteins such as the receptors
for transferrin (TfR) (13) and cation-independent mannose
6-phosphate (CIM6PR) (13, 18). Vamp2 had been shown pre-
viously to be a component ofGLUT4 vesicles by immunological
means (19). The receptors for TfR and CIM6PR were shown to
be insulin-responsive by ligand binding studies (20, 21), but it
was not clear if they were components of GLUT4-containing
vesicles at that time. The limitation of the previous studies of
GLUT4-enriched vesicles is that they analyzed the entire pop-
ulation of GLUT4-containing intracellular membranes and not
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just GSVs, the presumed end point target of insulin signaling.
To purify GSVs, an immunological reagent that marks only
GSV precursors is required, and such a reagent is a monoclonal
antibody to cellugyrin (22).
Cellugyrin (23) is a member of the tetraspan family of vesicle

membrane proteins that are ubiquitous components of mem-
brane vesicles of as yet unknown function (24). Cellugyrin was
identified as a component of GLUT4 vesicles by immunological
means (22) and was shown to be present only in the �50% of
GLUT4-containing membranes that do not translocate to the
cell surface (25). Here, we use an anti-cellugyrin monoclonal
antibody to immunodeplete GSV precursor vesicles and then
an anti-GLUT4 antibody to immunoisolate GSVs. Both popu-
lations were subjected to proteomic analysis, and over 100 pro-
teins were identified. One of themost abundant proteins found
in the proteomic analysis of GSVs was LRP1 (low density
lipoprotein receptor-related protein 1), the largest member of
the low density lipoprotein receptor gene family. LRP1 is
involved in many physiological functions, including lipid and
glucosemetabolism, cellular entry of viruses and toxins, activa-
tion of lysosomal enzymes, cellular signal transduction, and
neurotransmission (26). In this study, we analyze the distribu-
tion and trafficking of LRP1 in adipocytes and its interactions
with GLUT4. We show that LRP1 is an important component
of GSVs whose depletion in 3T3-L1 adipocytes has significant
effects on GLUT4 expression and insulin-dependent glucose
uptake and whose absence in mouse adipocytes also leads to
GLUT4 deficiency.

EXPERIMENTAL PROCEDURES

Reagents—The following items were purchased from Sigma:
dexamethasone, 3-isobutyl-1-methylxanthine, insulin, benza-
midine, phosphatase inhibitor I and II, puromycin, ampicillin,
2-deoxyglucose, cytochalasin B, and fetal bovine serum (Aus-
tralian origin). Aprotinin, leupeptin, and pepstatin A were
obtained from American Bioanalytical (Natick, MA). Dulbec-
co’s modified Eagle’s medium was obtained from Mediatech,
Inc. (Herndon, VA); 2-[3H]deoxyglucose was purchased from
PerkinElmer Life Sciences, and dimethyl pimelimidate�2HCl
and disuccinimidyl suberate were purchased from Pierce.
M-280 sheep anti-mouse, M-280 anti-rabbit Dynabeads, and
calf serum were purchased from Invitrogen. Cleavable ICAT
(isotope-coded affinity tags) reagent kit was purchased from
Applied Biosystems (Foster City, CA). Sequencing grade mod-
ified trypsin was purchased from Promega (Madison, WI).
Trans-IT 293 transfection reagent was obtained from Mirus
(Madison, WI).
Antibodies to the following proteins were used: GLUT4 (3);

IRAP (21st Century Biochemical, Hopkinton, MA); caveolin-1
(BD Transduction Laboratories, Lexington, KY); Vamp2 (Syn-
aptic Systems, Germany); C/EBP� (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA); sortilin (Abcam, Cambridge,MA); trans-
ferrin receptorH68 (ZymedLaboratories Inc.);�-actin (Sigma),
cellugyrin (Dr. Kostantin Kandror, Boston University School of
Medicine, Boston); GLUT1 (Dr. C. Carter-Su, University of
Michigan, Ann Arbor, MI); LRP1 (Dr. D. K. Strickland, Univer-
sity of Maryland School of Medicine, Baltimore); aP2 (Dr. D.
Bernlohr, University of Minnesota); insulin-like growth factor

receptor 2 (Dr. M. Czech, University of Massachusetts Medical
School, Worchester); and Bap31 (Dr. G. Shore, McGill Univer-
sity, Montreal, Canada).
Cell Culture, shRNA Transfection, and Infection—Murine

3T3-L1 cells were cultured, differentiated, and maintained as
described previously (27). Human embryonic kidney (HEK)-
293T cells for lentivirus propagation were cultured in Dulbec-
co’s modified Eagle’s medium with 10% fetal bovine serum.
LRP1 knockdown experiments were carried out using short
hairpin RNA interference sequences. LRP1 mouse lentiviral
(pLKO.1) vectors were purchased from Open Biosystems
(Huntsville, AL) with the following sequences (Open Biosys-
tems catalogue no. TRCN0000119622 to TRCN0000119625)
(sense loop antisense): ccgggctgaacacattctttggtaactcgagttacca-
aagaatgtgttcagctttttg; ccgggcgaacaaatacactggctaactcgagttagcc-
agtgtatttgttcgctttttg; ccggcggagtcacttacatcaataactcgagttattgat-
gtaagtgactccgtttttg; and ccggcgcttgtgtattcccaagcatctcgag-
atgcttgggaatacacaagcgtttttg.
Forty percent confluent HEK293T cells (in a p150) were co-

transfected with 24 �g of pLKO.1 LRP1mouse lentiviral vector
or pLKO.1 eGFP lentiviral vector containing 1.2 �g of TAT, 1.2
�g of REV, 1.2 �g of GAG/POL, 2.4 �g of VSV-G viral packag-
ing plasmids using 90 �l of Trans-IT� 293 from Mirus (Madi-
son, WI), and transfection conditions were followed as per the
manufacturer’s instructions. After 48 h, media were collected
and filtered through a 45-�mpore sizeWhatman filter and was
infected onto 3T3-L1 preadipocytes. After an additional 48 h
post-infection, media were removed, and cells were selected
with 1 �g/ml puromycin (Sigma) in 10% calf serum for an addi-
tional 48 h. LRP1 shRNA Target TRCN0000–119625 had the
highest knockdown efficiency and was used for all subsequent
studies, i.e. Western blotting, and 2-[3H]deoxyglucose uptake
assays were performed as described previously (27, 28).
Isolation and Fractionation of Rat Adipocytes—Primary rat

adipocytes were isolated by collagenase digestion. Fraction-
ation into cell surface and internal membranes was achieved by
differential centrifugation as described previously (29, 30). The
light microsomal fraction (1 mg of protein) was subjected to
centrifugation in a 4.6-ml 10–30% (w/w) continuous sucrose
gradient and spun at 250,000 � g in a Beckman Instruments
(PaloAlto, CA) SW55.1 rotor for 50min at 4 °C. Fractions from
the gradients were collected and analyzed for GLUT4 by gel
electrophoresis and Western blot analysis prior to pooling of
fractions for immunoadsorption.
Immunoadsorption of Cellugyrin and GLUT4-containing

Vesicles—Protein A-purified monoclonal 1F8 (GLUT4) anti-
body, affinity-purified polyclonal cellugyrin (BIOSOURCE), as
well as nonspecific mouse immunoglobulin G (50 �g each)
were coupled to 500-�l DynabeadsM-280 sheep anti-mouse or
anti-rabbit (Invitrogen) according to the manufacturer’s
instruction. Prior to use, the antibody-coupled beads were
cross-linked with 1 ml of 20 mM dimethyl pimelimidate dihy-
drochloride (Pierce) in 0.2 M triethanolamine, pH 8.2, for 30
min at 20 °C. The reactions were quenched with 1 ml of 50 mM

Tris, pH 7.5, for 15 min at 20 °C and washed three times with
PBS. All subsequent steps were carried as described previously
(25).
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Cross-linking and Immunoprecipitation—Cross-linking of
membrane proteins was performed as described (31). The iso-
lated light microsomal (LM) (30) fraction (100 �g of protein)
from rat epididymal fat was resuspended in 500 �l of PBS con-
taining both protease and phosphatase inhibitors, and dithio-
bis(succinimidyl propionate) in DMSO was added to a final
concentration of 2 mM for 30 min at 20 °C. The reaction was
quenched with 50 mM Tris, pH 7.5, for 15 min at 20 °C, and
solubilized with Triton X-100 to a final concentration of 1% for
30min at 4 °C. Protein A/G (Santa Cruz Biotechnology) (50 �l)
was coupled to either 5 �g of nonspecific mouse immunoglob-
ulin G or 5 �g of protein A-purified monoclonal 1F8 GLUT4
antibody for 2 h at 4 °C in 1% Triton X-100 in PBS. The anti-
bodies were coupled to protein A/G with dimethyl pimelimi-
date as described above for the immunoadsorption experi-
ments. Cross-linkedLMwas then rotatedwith IgGbeads for 2 h
at 4 °C, and the supernatantwas removed and further incubated
with 1F8 GLUT4 beads for 2 h at 4 °C. Supernatants were
removed, and beads were washed three times with 1% Triton
X-100. Beads were eluted with 100�l of Laemmli sample buffer
for 30 min at 37 °C. Eluates were removed from the beads, and
dithiothreitol was added to a final concentration of 50 mM and
incubated for another 30 min at 37 °C. Equal proportions of
eluate and supernatantwere resolved by gel electrophoresis and
analyzed by Western blotting.
Preparation of Whole Cell Extracts, Gel Electrophoresis, and

Immunoblotting—Cultured cells were disrupted by ice-cold
lysis buffer containing 50 mM Tris, pH 7.4, 100 mM NaCl, 1%
sodium deoxycholate, 4% Nonidet P-40, 0.4% SDS, 1 mM pep-
statin, 1 mM aprotinin, and 10 mM leupeptin; and phosphatase
inhibitors I and II were added (Sigma). Lysates were vortexed
and spun for 30 min at 16,000 � g in a microcentrifuge at 4 °C;
supernatants were collected, and the protein concentrations
were determined using the BCA kit (Pierce). Adipose tissue
lysates from 8-week-old male LRP1 lox/lox mice and age-
matched aP2Cre�, LRP1 lox/lox mice (32) were prepared by
grinding frozen tissuewith amortar andpestle in the above lysis
buffer. Proteins were resolved by SDS-PAGE as described by
Laemmli (33). Gels were transferred to polyvinylidene difluo-
ride membranes pretreated with methanol (Bio-Rad) in 25 mM

Tris, 192 mM glycine. Membranes were blocked with 10% non-
fat dry milk in PBS containing 0.1% Tween 20 for 1 h at room
temperature. Membranes were then probed with the primary
antibodies for either overnight at 4 °C or 2 h at room tempera-
ture and incubated with horseradish peroxidase-conjugated
secondary antibodies (Sigma). Signals were enhanced with
chemiluminescent reagents (PerkinElmer Life Sciences) for
detection of Western signals.
Plasmids—To generate the GST-fused C-terminal cytosolic

tails for LRP1 and sortilin and N-terminal IRAP, the coding
regions of each cytosolic domain were cloned from cDNA
derived from epididymal fat pads ofmaleHarlan Sprague-Daw-
ley rats into a pGEX-5X-1 vector (GE Healthcare). The PCR
cloning oligonucleotides (Invitrogen) are as follows: sense LRP1
cytosolic domain primer with an EcoRI restriction site, 5�-gatc-
gaattctgatcctctgctgc-3�, and an antisense primer with an XhoI
restriction site, 5�-gatcctcgagctatgctaagggatcccc-3�; sense sor-
tilin cytosolic domain primer with an EcoRI restriction site,

5�-gatcgaattcgtgaagaagtatgtctgt, and an antisense primer with
anXhoI restriction site, 5�-gatcctcgagctattccaggaggtcctc-3�. All
PCR products were digested with their corresponding restric-
tion enzymes (New England Biolabs, Ipswich, MA) and ligated
into their correspondingly digested pGEX-5X-1 vector.
LC-MS/MSAnalysis—Samples were prepared formass spec-

trometry by disulfide bond reduction and alkylation prior to
separation by SDS-PAGE on precast 4–15% acrylamide gradi-
ent gels (Bio-Rad) and in-gel trypsin digestion as described (34).
LC-MS/MS data were obtained using a LTQOrbitrap (Thermo
Fisher, San Jose, CA) mass spectrometer. Dried peptides were
suspended in 10 �l of 5% acetonitrile, 3% acetic acid, and 4 �l
were loaded onto a pulled fused silica microcapillary column
(100 �m inner diameter, 12-cm bed) packed with C18 reverse
phase resin (Magic C18AQ, 5-�m particles; 200 Å pore size;
Michrom Bioresources, Auburn, CA). Peptides were resolved
using anAgilent 1100 series binary pump across a 30-min linear
gradient of 8–25% acetonitrile in 0.2% formic acid at a 250
nl/min flow rate. In each data collection cycle, one full MS scan
(375–1600 m/z) was acquired in the Orbitrap (6 � 104 resolu-
tion setting; automatic gain control target of 106) followed by 10
data-dependent MS/MS scans in the LTQ (AGC target 5000;
threshold 3000) using the 10 most abundant ions for collision-
induced dissociation for fragmentation. The method dynami-
cally excluded previously selected ions for 30 s, singly charged
ions, and unassigned charged states.
Data Base Searching—Raw files obtained from the MS

and MS/MS data collection were converted into mzXML
format using the ReAdW program. Monoisotopic precursor
ion and charge state information for each acquired MS/MS
spectra were extracted by in-house software. The SEQUEST
search algorithm was used to search the MS/MS spectra
against the Mouse or Rat NCBI. The search parameters for
post-translational modifications included a static modification
of 57.02146 Da on cysteine (carboxyamidomethylation) and
dynamic modification of 15.99491 Da for methionine (oxida-
tion) residues. All peptides were based on the following filter-
ing criteria: charge �1, Xcorr �2.0 �Cn �0.01; charge �2,
Xcorr �1.5 �Cn �0.01; charge �3, Xcorr �2.0 �Cn � 0.03
with amass accuracy�50 ppm.A given proteinwas considered
correct (35) when �2 tryptic peptides were identified meeting
or exceeding the aforementioned criteria.
For the c-ICAT labeling experiments (below), a static modi-

fication of 227.12699 Da cysteine (light) and dynamic modifi-
cations of 9.03019Da (heavy) cysteinewith the aforementioned
Xcorr,�Cn, and ppm parameters was used. Peptides pairs were
submitted to quantitative analysis by an in-house software,
VISTA, which has been described previously (36).
Cleavable ICAT (c-ICAT) Labeling and Purification—ICAT

labeling of vesicle proteinswas achieved as described previously
(37). Heavy and light labeled immunoadsorptions were com-
bined for IgG control and GLUT4 samples and loaded onto a
4–15% SDS-PAGE pre-cast gel (Bio-Rad) and stained with
Coomassie Blue. Gels were subjected to in-gel trypsin digestion
as described above. Peptides labeled with c-ICATwere purified
with the avidin column supplied in the c-ICAT kit. Dried pep-
tides were cleaved from their acid-labile moiety as recom-
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mended by the manufacturer and dried before nano-LC-MS/
MS. IgG and GLUT4 samples were run in triplicate.

RESULTS

Purification of GSVs—In principle, vesicles can be immu-
noadsorbed directly from the light microsomal (LM) frac-
tion of rat adipocytes, but mass spectral analysis following
such a protocol revealed excessive cytoskeletal and riboso-
mal contaminants that complicated identification of vesicle
proteins (data not shown). Accordingly, a sucrose gradient
step was used first as shown in Fig. 1 where the boxed part of
the gradient was concentrated and immunoadsorbed as
shown in Fig. 2A. Both Figs. 1 and 2 reveal that cellugyrin does
not significantly redistribute upon insulin stimulation, whereas
GLUT4 and IRAP are markedly depleted from the LM fraction
after insulin treatment. Quantitative analysis of the sequential
immunoadsorption shows that 90% or greater of the GLUT4
and IRAP translocate from the cellugyrin-negative vesicles, and
they translocate not at all or to a much lesser extent from the
cellugyrin-positive vesicular pool (Fig. 2B). This nearly com-
plete insulin-dependent redistribution of IRAP and GLUT4 is
the expected behavior for bona fideGSVs. Thus, mass spectro-
metric analysis of the two immunoadsorbed fractions, before
and after cellular insulin treatment, was used to identify their
protein composition and determine the extent of protein
translocation.
Semi-quantitative Proteomic Analysis Identifies �100 Pro-

teins in GSVs and Precursor Vesicles—We classify the proteins
we identified by mass spectrometry of immunoadsorbed vesi-
cles (Fig. 3 and supplemental Table 1) into seven groups as
shown in the pie chart of Fig. 3, and these proteins were all
found in three ormore individualmass spectrometry runs from
independent experiments. We do not include ribosomal pro-
tein components in our data set, and we list in supplemental
Table 2 as likely contaminants, proteins highly abundant in
adipocytes such as caveolin-1 and several enzymes of lipid
metabolism (fatty-acid synthase and acetyl-CoA carboxylase),
as these bind to control IgG in significant amounts. We also

exclude from Fig. 3 the nonabundant RabGTPase proteins (38)
because these bound equally or nearly so to the IgG-coupled
beads as they did to the specific antibody-coupled beads (sup-
plemental Table 2), although Rabs are bona fide components of
GLUT4-containing vesicles (39).Many of the proteins we iden-
tified are novel in the context of prior studies of GLUT4 traf-
ficking, and these are indicated as such in Fig. 3 and supplemen-
tal Table 1 by an asterisk. Fig. 3 features the presumed vesicular
cargo proteins noting that the protein abundance index (PAI)
value is the semi-quantitative index of relative abundance. The
absolute PAI value gives an approximation of the comparative
amounts, one protein to the next, and a decrease in value from
basal to the insulin-stimulated GLUT4 immunoadsorption is
indicative of hormone-dependent movement. Those labeled
with # indicates translocation to the cell surface as verified by
othermeans such asWestern blotting.Note that themajorGSV
cargo proteins, IRAP, sortilin, andGLUT4, as well as other pro-
teins, previously described as translocating in response to insu-
lin treatment of adipocytes, namely the CIM6PR, TfR, and
LRP1,were all detected and shown to translocate as determined
by this protocol.
ICAT Labeling of GSVs Reveals the Translocation Behavior of

20 Proteins—In addition to the semi-quantitative analysis of
Fig. 3 and the supplemental tables, we labeled GSVs with stable
ICAT (40) to further monitor how insulin affects the protein
composition of GSVs. The ICAT method is based on the post-
isolation labeling of cysteine residues of proteins with chemi-
cally identical but differentially isotopically labeled reagents,
isolation of tagged peptides after proteolysis, and their mass
spectrometric quantification and sequence analysis (see sup-
plemental Fig. 1 for a schematic). ICAT labeling gave us quan-
titative translocation values resemblingwhatwewould see if we
performed Western blots for each of those proteins individu-
ally, although unlike the analysis of Fig. 3, it does not give any
indication of protein-to-protein abundance. We found a much
smaller number of ICAT-labeled proteins than proteins identi-
fied in the semi-quantitative experiments due to the fact that
many proteins contain few (GLUT4) or no (many Snares) cys-
teine residues, and on average, only 1 in 10 tryptic peptides
contains a cysteine. Nevertheless, as shown in Table 1, quanti-
tative analysis of highly purifiedGSVs fromprimary rat adipose
tissue reveals abundant proteins known to be GSV constitu-
ents, namely IRAP and sortilin, and they show translocation
values comparable with those found in Fig. 2B. Strikingly, LRP1
had the most cysteine pairs identified with an average insulin
translocation value of 80%, consistent with the results of Des-
camps et al. (41), and it was also identified as a highly abundant
translocating protein in the semi-quantitative analysis (Fig. 3).
LRP1 is a very large protein (�500 kDa) that would likely have
eluded previous proteomic studies of GLUT4-containing vesi-
cles (13, 14), because the SDS-PAGE analysis in these was per-
formed with higher acrylamide concentrations and LRP1
would not have entered the gel under these circumstances.
Note that several proteins that showed translocation as
assessed by ICAT labeling, for example the adaptor proteins,
are most likely showing insulin-dependent behavior unrelated
to cell surface movement. In fact, they do not show this change
in abundance as assayed by PAI (supplemental Table 1), and

FIGURE 1. IRAP, GLUT4, and cellugyrin have distinct distributions and
insulin responsiveness. Isolated rat adipocytes were treated with insulin or
not and fractionated as described under “Experimental Procedures.” The iso-
lated light microsomal fraction (LM) (1 mg of protein) was separated into
fractions by sucrose gradient centrifugation as described under “Experimen-
tal Procedures.” Odd-numbered gradient fractions were immunoblotted for
the proteins indicated, and detection was by enhanced chemiluminescence
(ECL). The GLUT4/cellugyrin-enriched fractions were pooled (outlined in the
box) and subjected to immunoadsorption as in Fig. 2. These data are repre-
sentative of five separate experiments.

Role of LRP1 in GLUT4 Storage Vesicles

JANUARY 1, 2010 • VOLUME 285 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 107

http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1


thus the changes we see in Table 1 are likely due to undeter-
mined biochemical changes.
Fractionation of Primary Rat Adipocyte and Sucrose Velocity

Gradient Fractionation Confirms LRP1 Translocates to the PM
upon Insulin Stimulation—Because LRP1 was one of the most
abundant proteins identified by proteomic analysis, Western
blotting for LRP1 was performed to further validate its trans-
location and to assess its distribution upon insulin stimula-
tion. Fig. 4,A and B, shows that LRP1 does indeed translocate
to the PM upon insulin stimulation, and it is depleted from
intracellular membranes. In addition, LRP1 was found to
have the same sedimentation profile in a sucrose gradient as

GLUT4 and IRAP (see Fig. 1),
which could suggest that all three
reside in the same or similar vesi-
cles consistent with the immuno-
adsorption andmass spectrometry
data. We identified the endoplas-
mic reticulum chaperone, Bap31
(42), as a moderately abundant pro-
tein component of cellugyrin-con-
taining vesicles and other mem-
branes (supplemental Table 1), and
we use it in Fig. 4 as a loading
control.
Translocation of TfR, CIM6PR,

and LRP1 in Precursor GSVs and
GSVs—It has been appreciated for
some that the TfR (21, 29), cation-
independent mannose 6-phosphate
receptor (29, 43), and LRP1 (44) can
translocate to the PM upon insulin
stimulation in primary and cul-
tured adipocytes. However, it has
never been clear if this is due to
their presence in GSVs or in other
insulin-sensitive membrane com-
partments (45). Fig. 5, A and B,
shows that the CIM6PR and TfR
are primarily present in precursor
GSVs, and they translocate mainly
from the GSV compartment and
to a much lesser degree than
GLUT4. Their extent of transloca-
tion is consistent with the early
studies of these proteins cited
above that also showed a much
smaller insulin-dependent trans-
location than that seen for
GLUT4. However, LRP1 translo-
cates to a significant extent from
both precursor compartments
consistent with the semi-quantita-
tive and quantitative proteomic
results.
LRP1 Directly Interacts with Sor-

tilin, IRAP, and GLUT4—The LM
fraction isolated from rat epididy-

mal adipocytes was treated with the cross-linking agent,
dithiobis(succinimidyl propionate). Dithiobis(succinimidyl pro-
pionate) is a homobifunctional, thiol-cleavable, and mem-
brane-permeable cross-linker, which covalently links pro-
teins by reacting with their lysine and/or N-terminal
residues from a distance up to 12 Å. Moreover, IRAP, sorti-
lin, and LRP1 have large ectodomains expressed in the lumen
of intracellular vesicles, and if the domains interact, they
may be detected by cross-linking. Thus, after exposure to
dithiobis(succinimidyl propionate), membranes were
solubilized, immunoprecipitated with anti-GLUT4 antibody
(1F8), and blotted with antibodies for LRP1, IRAP, GLUT4,

FIGURE 2. A, immunoadsorption of GLUT4-enriched sucrose gradient fractions show two distinction popula-
tions of GLUT4 vesicles. Separately pooled (as in Fig. 1) fractions for basal and insulin-treated rat adipocytes
were precleared with anti-mouse IgG beads for 2 h, and the supernatants were immunoadsorbed with anti-
cellugyrin (CG) beads for 2 h. Supernatants were collected and subjected to a subsequent GLUT4 (G4) immu-
noadsorption. All beads were washed three times with PBS, pH 7.4, and eluted with 100 �l of electrophoresis
buffer. Equal proportions of IgG, cellugyrin, GLUT4, and supernatant were loaded on an SDS-polyacrylamide
gel and analyzed by Western blot (WB) with proteins indicated as described under “Experimental Procedures.”
B, quantification of Western blots reveals GLUT4 vesicles depleted of cellugyrin translocate upon insulin stim-
ulation. Relative amounts of cellugyrin (CG), IRAP, GLUT4, and Vamp2 were determined by scanning and
analysis with NIH image software, and the results are represented graphically. These results are representative
of experiments done five times. A.U., arbitrary units; I.A., immunoadsorption.
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cellugyrin, and protein-disulfide isomerase followed by
SDS-PAGE under reducing conditions. As shown in Fig. 6,
LRP1, IRAP, sortilin, and GLUT4 co-immunoprecipitated,
whereas cellugyrin and protein-disulfide isomerase, an abundant
oxidoreductase enzyme found in the endoplasmic reticulum, did
not. Cellugyrin contains a small lumenal domain (46), and we

would not expect a direct interaction with GLUT4 under the
aforementioned immunoprecipitation conditions.
Lentiviral shRNA Knockdown of LRP1 Results in a Decreased

Expression of IRAP, Sortilin, and GLUT4 in 3T3-L1 Adipocytes—
During 3T3-L1 adipocyte differentiation, LRP1 shows a slight
increase in expression (data not shown) similar to that of IRAP
but to a much lesser degree than GLUT4 and sortilin (47). To
see how LRP1 expression affected GSV formation, we created
three stable cell lines expressing LRP1-directed shRNA in a
lentivirus vector. Expression of two target sequences resulted in
a modest (40–60%, data not shown) decrease in LRP1 protein
levels, although a third gives a significant (�90%) ablation of the
LRP1 signal as shown in Fig. 7. These cells were monitored for
the expression of GLUT4, IRAP, and sortilin, all of which were
significantly decreased by LRP1 knockdown (Fig. 7). On the
other hand, an increase in GLUT1 expression was seen with
abundant adipocyte proteins, caveolin-1 and aP2 being un-
changed as were the levels of cellugyrin and �-actin. As a fur-
ther control for any effect on adipocyte differentiation, peroxi-
some proliferator-activated receptor � protein was also
assessed and shown to be relatively unchanged (Fig. 7), and the
adipocytes expressing the shRNA appeared identical to the
controls in size, shape, and fat droplet content (data not
shown). To determine whether LRP1 knockdown affected
mRNAs for the vesicle proteins whose expression changed, we
performed quantitative PCR (supplemental Fig. S2). This anal-
ysis shows a parallel change in protein and mRNA levels with
GLUT4, IRAP, and sortilin being reduced and GLUT1 being
increased at both levels. Given that LRP1 knockdown reduces
the amount of the most abundant constituents of precursor

FIGURE 3. Classes of proteins identified in precursor GSV and GSV compartments. Proteins found were categorized according to their presumed function
as indicated in the pie chart (see supplemental Tables S1 and S2 for a complete list of all proteins identified). Details are given for presumptive cargo proteins
in the table part of the figure as some of these are known GSV components (indicated by *). Relative protein abundance between the various immunoadsorp-
tion conditions were calculated by PAI as described (69). This index is based on the ratio of actual tryptic peptides identified by mass spectrometry divided by
the theoretical tryptic peptides index within the mass range of 700 –2600 Da, and the higher the number, the more abundant the protein. The table shows data
from one of five similar experiments.

TABLE 1
Quantitation data of ICAT-labeled GSVs
Immunoadsorbed GSVs were isolated, ICAT-labeled, SDS-PAGE-resolved, di-
gested with trypsin, analyzed by LC-MS/MS, identified with SEQUEST software,
and quantifiedwithVISTA software as described under “Experimental Procedures.”
Proteins were categorized according to the number of cysteine ICAT-labeled pairs
identified. The percent translocation values for basal GSVs was calculated for each
protein from the averages of cysteine-labeled peptide VISTA values in the three
LC-MS/MS runs in addition to their corresponding standard deviation values.HDL,
high density lipoprotein; TPPC, trafficking protein particle complex.

Name
Uniprot kb/
Swiss-Prot

accession no.
Cysteine
pairs

Translocation
from basal

GSVs
S.D.

% %
LRP1 Q91ZX7 11 80 4
Clathrin Q68FD5 10 22.5 201
Sortilin O54861 5 70 4.5
CIM6PR Q07113 4 29 9.2
IQGAP1 Q9JFK1 4 34.2 23.7
VPS35 Q9EQH3 4 49 4.6
IRAP Q64514 4 78 5.9
AP complex 2 a2 P18484 3 55 9.9
AP complex 2 a1 Q9DBG3 3 70 15
Cation-dependent
Man-6-P receptor

Q6AY20 2 31 10

Lipin-1 Q14693 2 73 3
TPPC subunit 3 O55013 1 31 8.3
Electroneutral K�/Cl�
co-transporter 1

Q63632 1 32.9 14.8

Myotonic dystrophy kinase O54875 1 32.9 32.9
TMP21 Q8R1V4 1 39 11
Synaxin 12/13 O70319 1 44.1 10.1
Vigilin HDL-binding protein Q9Z1A6 1 55 10.8
Cell surface glycoprotein MUC18 Q9EPF2 1 67 9.9
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GSVs and/or GSVs, we performed further analysis of basal and
insulin-dependent 2-[3H]deoxyglucose uptake.
Insulin-stimulated 2-[3H]Deoxyglucose Uptake Is Decreased

in LRP1-depleted 3T3-L1 Adipocytes—As shown in Fig. 8,
eGFP-transfected control cells exhibit a 4-fold increase in insu-
lin-stimulated glucose uptake, whereas the LRP1 knockdown
cell line shows an increase of 1.8-fold. Because insulin-stimu-
lated glucose transport correlates with GLUT4 expression in
cultured adipocytes (48), this decreased transport is very likely
to be a direct result of the decreased amount of GLUT4 present
in these cells as shown in Fig. 7. In addition, although statisti-
cally insignificant, a slight increase in basal 2-[3H]deoxyglucose
is seen for the LRP1-deficient cell line compared with the con-
trol basal, which may be attributed to the increase in GLUT1
expression found in the LRP1 shRNA cells.
Epididymal Adipose Tissue from Lrp1 Adipose-specific

Knock-out Mice Show Decreased Expression of GLUT4 and
Sortilin—An Lrp1 gene knock-out in mice is embryonically
lethal, but an LRP1 adipose tissue-specific knock-out mouse
has been created and characterized to be resistant to dietary
fat-induced obesity and has improved glucose tolerance due to
secondarymuscle effects (32). This whole animal study did not,
however, assess fat cell glucose transport in vitro nor did amore
recent study of adipocyte differentiation from Lrp1�/� fibro-

blasts (49). Thus, to assess the direct effects of LRP1 deficiency
in these mice on GSV components, we determined GLUT4
expression byWestern blot as shown in Fig. 9.GLUT4 levels did
indeed decrease in the epididymal fat tissues consistent with
our LRP1 shRNA data, and in addition sortilin expression was
also decreased.
LRP1 C Terminus Binds Akt Substrate of 160 kDa (AS160)—

The Rab Gap, AS160, plays an important role in insulin-de-
pendent GLUT4 trafficking (50), and it has been shown to bind
to IRAP in pulldown (51) and vesicle adsorption experiments
(52). The intracellular sequence of LRP1 has homologies to that
of IRAP, and accordingly, we performed pulldown experiments
with cytosolic sequences from IRAP, sortilin, and LRP1, andwe
blotted for AS160 as show in Fig. 10. Interestingly, IRAP and
LRP1 constructs pulled down AS160 from insulin-stimulated
cytosol, whereas sortilin did not, and the p115 pulldown is

FIGURE 4. A, LM sucrose velocity gradient of LRP1 shows a similar sedimenta-
tion pattern to other GSV cargo. Sucrose sedimentation gradients were per-
formed as described in Fig. 1 except for the Western blotting (W.B.) when a 4%
SDS-PAGE was used to resolve the proteins prior to transfer. The chaperone
protein BAP31 is shown as a loading control. B, insulin-stimulated transloca-
tion of LRP1 and GLUT4 to the PM. Fractionation of rat epididymal adipose
tissue was performed as described under “Experimental Procedures.” PM (10
�g) was used for Western blotting of the indicated proteins, which were
detected as in previous figures.

FIGURE 5. A, immunoadsorption of precursor GSVs and GSVs reveals CIM6PR,
TfR, and LRP1 translocate upon insulin stimulation. Pooled sucrose gradient
fractions were sequentially immunoadsorbed (I.A.) as described under
“Experimental Procedures” and blotted for the proteins indicated as in previ-
ous figures. The results are representative of three independent experiments.
B, Western blot (W.B.) quantitation of immunoadsorptions. The relative
amounts of LRP1, IGFIIR, TfR, and GLUT4 (G4) were quantified by scanning and
analysis with NIH image software and represented graphically. CG, cellugyrin;
A.U., arbitrary units.
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shown as a known partner of IRAP (53) that also binds to the
other two proteins. That AS160 could be pulled down by the
LRP1 intracellular domain was also confirmed by mass spec-
trometry (data not shown).

DISCUSSION

We report the following novel observations in this study. 1)
We isolate vesicles with the properties of bona fide GSVs and
describe their protein composition in terms of �100 constitu-
ent proteins, many of them not previously known in this con-

text. 2)We determine that the insulin-dependent translocating
proteins, including the CIM6P and transferrin receptors, trans-
locate mainly from the GSV compartment. 3) Importantly, we
find that LRP1 is a major GSV cargo protein whose expression
in vitro and in vivo is necessary for fully functional GSVs and
insulin-stimulated glucose uptake. 4) We show that LRP1 is a
target of insulin signaling. Collectively, these data have impor-
tant implications for the ontogeny of the GSV compartment
and how it interacts with the insulin-signaling pathway. The
conclusions we derive from our analyses may also have general
utility in considering how another vesicle trafficking paradigm
might arise, namely vasopressin-sensitive, aquaporin 2-rich
vesicles of the kidney collecting duct.
LRP1 is an essential protein in mice as deletion of the Lrp1

gene is embryonically lethal (54), a result consistent with its
pleiotropic role in signaling and lipoprotein metabolism in
many tissues (55). LRP1 is expressed in cultured adipocytes and
has been shown to translocate from intracellular compart-
ments to the cell surface upon insulin stimulation (44, 56).
Indeed, LRP1was also known to show insulin-sensitive traffick-
ing in primary adipocytes as shown by ligand binding assays
(41), but its location inGSVswas not investigated in these prior
studies. Adipocyte-specific LRP1�/� mice display abnormali-
ties of lipid clearance and energy balance in vivo (32, 49). Our
data showing decreased GLUT4 expression in adipocytes from
the tissue-specific knock-out (Fig. 9) offer a mechanistic expla-
nation, at least in part, for this phenotype because lipid storage
requires adequate glucose transport to form the triglyceride
backbone upon glycolysis, and this process would be compro-
mised in the knock-out adipocytes. Our in vitro data showing
that LRP1 knockdown reduces GLUT4 levels and insulin-de-
pendent glucose transport also support this hypothesis (Figs. 7
and 8). A second interesting aspect of the role of LRP1 in
adipocytes is its ability to bind AS160 (57), a major target of
insulin signaling (Fig. 10). A number of adaptor proteins
have previously been shown to bind to the cytosolic se-
quence of LRP1 (58), including components of several other
signaling pathways (55), and thus our results are consistent
with these data and support a role for LRP1 in insulin signal-
ing to GSV translocation.
The role of LRP1 in altering the expression of GLUT4 and

other GSV constituents also gives further insight into the for-
mation and trafficking of GSVs. Shi et al. (59) proposed amodel
for the formation of these vesicles based on the interactions of
the lumenal domains of GLUT4, sortilin, and IRAP, the major
GSV protein constituents knownwhen their studies were com-
pleted. The mass spectrometry data of Fig. 3 and Table 1 show
that LRP1 is also one of the more abundant proteins in GSVs,
similar in amount to IRAP (25) by these criteria, and its very
large size would easily lend itself to extensive interactions with
the lumenal domains of the otherGSVconstituents. Indeed, the
cross-linking data of Fig. 6 that show all four major GSV pro-
teins can interact and the fact that diminishing the amounts of
LRP1 in vitro and in vivo reduces the levels of GLUT4 together
are consistent with the idea that a self-assembling mechanism
applies to GSVs (59). However, the hierarchy of events in this
process, i.e.who binds what and when during vesicle formation
and trafficking, may need reexamination in the light of the

FIGURE 6. Reversible cross-linking of LM and immunoprecipitation (I.P.)
by GLUT4 reveals a direct interaction between GSV proteins LRP1, IRAP,
sortilin, and GLUT4. Primary rat adipocytes were fractionated as described
under “Experimental Procedures.” A modified version (70) of cross-linking
was performed. The isolated LM fraction (100 �g of protein) from rat epidid-
ymal fat was resuspended in 500 �l of PBS containing both protease and
phosphatase inhibitors, and dithiobis(succinimidyl propionate) was added to
a final concentration of 2 mM for 30 min at 20 °C. The samples were processed
as described under “Experimental Procedures” and resolved by SDS-PAGE,
transferred, and blotted for the indicated proteins. Detection was by ECL. PDI,
protein-disulfide isomerase; W.B., Western blot; U.B., unbound.

FIGURE 7. LRP1 depletion in 3T3-L1 adipocytes show decreased expres-
sion of IRAP, sortilin, and GLUT4. LRP1 and control eGFP stable knockdown
3T3-L1 fibroblasts were differentiated as described under “Experimental Pro-
cedures.” Cells were harvested, and whole cell extracts were prepared as
described under “Experimental Procedures.” Protein (50 �g) was resolved by
SDS-PAGE and Western blotted (W.B.) for the proteins shown. Detection was
by enhanced chemiluminescence, and a representative blot is depicted.
PPAR, peroxisome proliferator-activated receptor.
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LRP1 data. It is also worth noting that the cytosolic sequence of
LRP1 has both dileucine- and tyrosine-based sorting motifs
(60), the former in commonwith all other abundant GSV cargo

components. Moreover, both LRP1
and IRAP bind AS160 (Fig. 10),
although the residues on these pro-
teins mediating this interaction
have not been mapped.
The mechanism by which LRP1

knockdown reduces the amount of
GLUT4 protein expression (Fig. 7)
is not clear as the cognate mRNA is
also correspondingly reduced as are
those for IRAP and sortilin (supple-
mental Fig. S2). Aside from their co-
localization in GSVs, these proteins
have no obvious common feature
that governs their expression as the
latter two are expressed inmany tis-
sues where GLUT4 is not. This
underscores the global regulatory
role of LRP1 in many tissues (55),
including adipocytes in vivo (32).
The fact thatGSVs are insulin-sen-

sitive, tissue-specific compartments,
characteristic of fat and striatedmus-
cle tissue where postprandial glucose

transport is tightly regulated, has fostered the idea that there
likely exist proteins other than GLUT4 with a similar or iden-
tical tissue distribution that underlie the unique regulation and
behavior of these vesicles. We now add over 50 proteins to the
list of possible players in this regard (Fig. 3 and supplemental
Table 1), but none of these has an obvious function or tissue
distribution that could account for the observed vesicle prop-
erties, except for GLUT4.We cannot rule out, however, that we
failed to detect a critical protein(s) of low abundance that func-
tions in this regard.Nevertheless, our data raise the issue of how
GSVs come to exist with the protein composition we find.
Based on the fact that some constituent proteins of GSVs are
present at the cell surface and cycle to and from the cell interior
in a constitutive manner early in the process of differentiation,
but then become sequestered intracellularly as GLUT4 and
other vesicle proteins become highly expressed later in the
process (28), it was postulated that vesicle formationwas driven
by mass action (10) in the following way. In fibroblasts, vesicu-
lar traffic is largely constitutive. The differentiation process
results in the expression of protein(s) that block vesicle move-
ment to the cell surface, and it is one or more of these proteins
that is a target of insulin signaling that allows GSV exocytosis.
This target or targets may have a tissue-specific expression pat-
tern, but their identification remains to be made. Although
AS160 is one such target, compromising its activity or expres-
sion only partially recapitulates the effects of insulin suggesting
that there are other important Akt substrates (see below) (13,
50). Thus, proteins such as sortilin and GLUT4 that are
expressed at high levels late in differentiation need to find a
resident membrane, and they are targeted to existing vesicles
and cause the formation of more and more such vesicles that
accumulate IRAP, LRP1, and many other proteins (Fig. 3 and
supplemental Table 1). Overexpression of GLUT4 has been
shown to increase the number of GLUT4-containing vesicles

FIGURE 8. LRP1-depleted 3T3-L1 adipocytes show a decrease in insulin-stimulated 2-[3H]deoxyglucose
uptake. Assays were performed in 6-well plates as described under “Experimental Procedures.” 2-[3H]Deoxy-
glucose (2-DG) counts were normalized to basal eGFP-transfected cells, and fold insulin-stimulation was
assessed for each cell line. The results are presented as the mean � S.D. for averaged duplicates from three
separate experiments (# denotes p � 0.05 and eGFP versus LRP1 shRNA).

FIGURE 9. Epididymal adipose tissues from LRP1 adipose-specific knock-
out (KO) mice show decreased expression of GLUT4 and sortilin. Epidid-
ymal adipose tissues were isolated from 8-week-old male LRP1 lox/lox mice
and an 8-week-old male aP2Cre�, LRP1 lox/lox mice. Cell lysates from the
adipose tissues were prepared as described under “Experimental Proce-
dures.” Proteins (25 �g) were resolved by SDS-PAGE, followed by Western
blotting for the indicated proteins. The GLUT4 data were confirmed in a sec-
ond animal pair (data not shown). WT, wild type; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

Role of LRP1 in GLUT4 Storage Vesicles

112 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 1 • JANUARY 1, 2010

http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1
http://www.jbc.org/cgi/content/full/M109.040428/DC1


(61) consistent with the mass action hypothesis. Moreover, it is
striking that vasopressin-sensitive aquaporin-2 containing ves-
icles that regulate water retention in the collecting duct of the
kidney have many of the same protein constituents as GSVs,
including IRAP, sortilin, and bothmannose 6-phosphate recep-
tors, as well as many or all of the same membrane trafficking
machinery components that might be expected (62). Thus, the
mass action and self-assembly model may be a common path-
way for the formation of several types of tissue-specific, regu-
lated vesicular traffic.
We can compare our results to those of Larance et al. (13)

who employed vesicle isolation from cultured adipocytes fol-
lowed bymass spectrometry and note that we identified almost
every protein they did with the notable exception of AS160,
which we identified only in pulldown assays (Fig. 10). This dis-
crepancy may be due to technical details and/or the differences
between primary and cultured adipocytes. Proteins identified
in common include cargo proteins (Fig. 3 and Table 1), Snares
and Rabs (supplemental Tables S1 and S2), and components of
the retromer complex (supplemental Table S1) that mediates
endosome to Golgi retrograde traffic (63).We also identified in
reasonable abundance the tetraspan vesicle membrane pro-
teins of the secretory component-associated membrane pro-
teins, physin, and gyrin families (24), all of which had been
previously identified as participating in GLUT4 trafficking by
immunological means (22, 64, 65). These were also not seen by
Larance et al. (13) possibly for the same reasons noted above.

The identity of the Rab involved in GSV exocytosis has
remained controversial and ambiguous asmanyRabs have been
implicated at some stage ofGLUT4 trafficking. In this study, we
identified a number of Rab proteins, but they are not enriched
in GSVs (supplemental Table 2) nor have any of them been
definitively linked to GSV exocytosis (39). Another mystery is
the identity of the target(s) for Akt, other than AS160, that is
involved in GSV movement. In this regard, the data of others
suggesting that one or more such targets may be at or near the
plasma membrane (66, 67) are consistent with the lack of obvi-
ous candidates in our proteomic analysis of vesicle proteins. As
for cargo protein, we identified by semi-quantitativemass spec-
trometry, the sortilin-related receptor, SORL1 (68), as a rela-

tively abundant, apparently translocating, protein of GSVs (Fig.
3). An association of SORL1 with Alzheimer disease has been
established (68), and this protein has not previously been
described in adipocytes. Therefore, it is an attractive target for
further study in the context of the physiology of these cells and
GSV function.
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